ABSTRACT. Bovine viral diarrhea virus 2 (BVDV-2) strains are divided into cytopathic and non-cytopathic biotypes based on the ablity to induce cytopathic effects in cultured cells. The mechanism of cytopathogenicity of BVDV-2 is not well understood. We examined cytopathogenesis in MDBK cells resulting from BVDV-2 infections by microscopic examinations and microarray analysis. We found that BVDV-2 activates endoplasmic reticulum (ER) stress signaling pathways that contribute to apoptosis of infected cells. We also monitored the expression of ER stress marker gene by RT-PCR during BVDV-2 infection and demonstrated that infection of MDBK cells with a cytopathic strain of BVDV-2 induces glucose-regulated protein 78 expression. Infection with BVDV-2 also induces DNA-damage-inducible transcript 3 expression and downregulates the lectin-galactoside-binding soluble 1 level. These results show that cytopathic strains of BVDV-2 induce an ER stress response resulting in apoptosis.
The causative agents of bovine viral diarrhea and mucosal diseases have been divided into two distinct species, Bovine viral diarrhea virus 1 (BVDV-1) and BVDV-2. BVDV-2 species include strains isolated from outbreaks of hemorrhagic syndrome characterized by thrombocytopenia and high mortality in the U.S.A. and Canada [2, 16, 17] . Hemorrhagic syndrome has also been reported in European cattle infected with BVDV-2 [3, 22] . BVDV-2, like BVDV-1, has two biotypes characterized by cytopathic and noncytopathic properties in vitro. Both biotypes show a marked difference in cytopathogenesis [5, 23] . The cytopathic effects of BVDV-1 have been attributed to apoptosis [6, 7, 9, 24, 26] . However, the mechanism of BVDV-2-induced cytopathic effects, which have been demonstrated in various cell types, is not well understood [1, 8, 10, 14, 19] . Therefore, in the present study we examined the cytopathic effect of BVDV-2 infections by microscopic examinations and microarray analysis. We investigated BVDV-2 cytopathogenesis using the Madin-Darby bovine kidney (MDBK) cell line. Cytopathic strain KZ91-cp of BVDV-2, isolated from cattle suffering from mucosal disease [12] , was obtained from Dr. Makoto Nagai of the Ishikawa Nanbu Livestock Hygiene Service Center. The MDBK cell line was maintained at 37C under 5% CO 2 in Dulbecco's Modified Eagle's Medium (DMEM; Nissui Pharmaceutical, Tokyo) supplemented with 10% horse serum (Hyclone, Logan, UT, U.S.A.), 100 g/ml streptomycin and 100 U/ml penicillin.
When MDBK cells were grown to confluence, they were infected with KZ91-cp strain at a multiplicity of infection (MOI) of 0.2 and maintained at 37C under 5% CO 2 in DMEM supplemented with 2% horse serum, 100 g/ml streptomycin and 100 U/ml penicillin. Infected and mockinfected MDBK cells were stained with May-Grünwald-Giemsa and Hoechst 33258 after 72 hr post-inoculation. Marked chromatin condensation was evident by DNA staining as well as May-Grünwald-Giemsa staining in the MDBK cells infected with BVDV-2 at 200X magnification ( Fig. 1 ). Simultaneously total RNA was extracted from both infected and mock-infected MDBK cells using a Qiagen RNeasy mini kit (Qiagen, Venlo, The Netherlands) after 72 hr of inoculation according to the manufacturer's instructions. This time point was chosen because most cells were infected, and infection was well established at an MOI of 0.2. The RNA samples from the infected and mock-infected MDBK cells were labeled with Cy3 and Cy5 fluorescent dyes, respectively, and were subjected to hybridization using OpArray Bovine (Operon Biotechnologies, Huntsville, AL, U.S.A.). We observed that BVDV-2 infection activates unfolded protein response (UPR) pathways, leading to transcriptional and translational induction of UPR target genes (Table 1) . We then evaluated the role of upregulation of activating transcription factor 4 (ATF4) and induction of endoplasmic reticulum (ER) stress. Translation of the BVDV-2 polyprotein is associated with ER membranes, and the ER is the site of viral encapsidation and envelopment. Therefore, BVDV-2 infection most likely imposes a tremendous protein load on the ER, leading to perturbation of ER homeostasis. The UPR is an ER-mediated response to accumulation of large amounts of unfolded or misfolded proteins in the ER [18] . ATF4 may bypass the translation inhibition and induce expression of genes that help the ER to cope with stress [11] . Induction of the UPR facilitates recovery of the stressed ER by upregulating expression of the protein folding machinery, such as the ER. The UPR results in upregulation of ER chaperone proteins, such as glucose-regulated proteins. Microarray analysis showed marked upregulation of proapoptotic glucose-regulated protein 78 (GRP78) expression in BVDV-2 infected MDBK cells (Table 1) . GRP78, also known as HSPA5 (heat shock protein A5), is a resident ER chaperone whose expression is upregulated in response to ER stress [18] . Under persistent ER stress, ATF4 induces expression of GRP78, which initiates apoptosis [11] . To determine if GRP78 expression is induced by BVDV-2, we analyzed the levels of GRP78 mRNA in BVDV-2-infected MDBK cells. RNA was simultaneously extracted from both infected and mock-infected MDBK cells using a Qiagen RNeasy mini kit 48, 72 and 96 hr post-inoculation and was subjected to RT-PCR to examine the expression level of the GRP78 gene using primers BoGRP78-F (5'-CTGCTGCTGCTTG-GCACGGC-3') and BoGRP78-R (5'-CCTGAAGGG-GAGCGTCTGAT-3'). The expression level of GAPDH, a Genes related to ER stress are shown in bold.
house-keeping gene product, in MDBK cells was monitored by RT-PCR throughout the experiments using primers BoGAPDH-F (5'-TCCTGCACCACCAACTGC-3') and BoGAPDH-R (5'-CATTGTCGTACCAGGAAATG-3').
We found that the GRP78 mRNA levels in the MDBK cells were persistently induced by BVDV-2 at 48 and 72 hr postinoculation (Fig. 2) . This suggests a possible mechanistic link between BVDV-2-induced apoptosis and GRP78 induction. Although extensive serial analysis of gene expression in BVDV-2 infected MDBK cells has indicated that several genes encoding energy production and cell structure are downregulated and that genes beneficial to viral protein translation and post-translational modification are generally upregulated [13] , there were no significant changes in the expression level of GAPDH in the present study. The UPR is a prosurvival signal that restores ER homeostasis by promoting either proper folding or degradation of accumulated misfolded proteins in the ER. However, in situations such as viral infections, ER stress is persistent and switches the UPR from being prosurvival to proapoptotic [20] . Under these conditions, the GRP78 and DDIT3 (DNA-damage-inducible transcript 3) arms of the UPR suppress the activity of anti-apoptotic proteins and induce expression of proapoptotic protein [21] . ATF4 (induced by ER activation) induces expression of a cyclic AMP response element-binding protein (CREB1), which promotes apoptotic cell death [11] . The proapoptotic action of CREB1 is mediated by activation of the c-Jun oncogene (JUN), which promotes apoptosis by suppressing the activity of anti-apoptotic Bcl-2 family proteins [4, 15] . Downregulation of LGALS1 (lectin-galactoside-binding soluble 1) may contribute to activation of the NF-B cascade in the apoptotic process. A member of the poly(ADP-ribose) polymerase family, PARP10, was upregulated in our experiment. These results suggest that GRP78 has a crucial role in BVDV-2-induced apoptosis in MDBK cells. Apoptosis has opposing effects on viral pathogenesis by either preventing viral dissemination due to the death of infected cells or promoting viral spread by release of the progeny virus from cells undergoing apoptosis.
Jordan et al. showed that BVDV-1 induces apoptosis in MDBK cells by activating ER stress [9] . Although they demonstrated activation of caspase 12 in apoptotic MDBK cells, activation of caspase 12 was not observed in the present study. Grummer et al. explained the apoptosis of FBK cells infected with BVDV-1 as a mitochondrial dysfunction in accordance with an increase of reactive oxygen species [7, 8] . Our study provides a comprehensive picture of activation of the UPR pathway resulting from infection with a cytopathic strain of BVDV-2. Understanding the mechanism of BVDV-2 irrespective of cytopathogenesis interactions with the UPR pathways will help to elucidate the positive and negative consequences of these pathways on BVDV-2 pathogenesis and ultimately offer reasonably accurate insight into the changes caused by BVDV-2 in MDBK cells. Accomplishing this will require examination of the signal molecules in cells infected with a non-cytopathic strain of BVDV-2. These analyses may eventually help to uncover novel defense genes in vivo [25] .
